
NASA Technical Paper 1429 

Exploratory Investigation of 

NASA , 
1429 TP / 
c .  1 

Resin-Matrix Composites Subjected 
to Arc-Tunnel Heating 

Claud M. Pittman and 'Ronald D. Brown 

MAY 1979 



NASA Technical Paper 1425) 

8 

Exploratory Investigation of Two 
Resin-Matrix Composites Subjected 
to Arc-Tunnel Heating 

Claud M. Pittman and Ronald D. Brown 
Langley Research Center 
Hampton, Virginia 

NASA 
National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Office 

1979 

Ill 1111111111 11111111111111111 111 1111111111 I I I I I 



SUMMARY 

Flexure and short-beam shear  specimens of graphite-epoxy and graphi te -  
polyimide c o m p o s i t e  material were subjec ted  to seven arc- tunnel  hea t ing  rates 
from 12.5 to  308 kW/m2. 
For each t i m e  and hea t ing  rate, the  temperature response of t he  specimen w a s  
measured and t h e  s t r e n g t h  degradat ion w a s  determined. General ly ,  a s  hea t ing  
rates and test  t i m e s  increased ,  t he  s t r e n g t h  degradat ion w a s  g r e a t e r  with 
graphite-polyimide material less a f f e c t e d  than graphite-epoxy material. 

The test-time dura t ion  var ied  from 5 to 1000 seconds. 

INTRODUCTION 

The use  of graphite-fiber/resin-matrix composite materials i n  t h e  main 
s t r u c t u r e  of the  Space S h u t t l e  y i e l d s  weight sav ings  compared with convent ional  
metallic ma te r i a l s .  Graphite-epoxy composites a r e  p r e s e n t l y  being used on t h e  
Space S h u t t l e  payload-bay doors ( r e f .  1 )  , and graphite-polyimide composites are 
being proposed f o r  use i n  major p a r t s  of the  Space S h u t t l e  s t r u c t u r e  ( r e f .  2 ) .  
I n  the  event of a S h u t t l e  hea t -sh ie ld  f a i l u r e ,  t he  main s t r u c t u r a l  sk in  of the  
vehic le  w i l l  be sub jec t ed  to aerodynamic hea t ing  ( r e f .  3 ) .  N o  information is 
p r e s e n t l y  a v a i l a b l e  on the  mechanical-property degradat ion of f i b e r - r e s i n  com- 
p o s i t e  materials sub jec t ed  to aerodynamic heating. However, because these  com- 
posite materials should react to hea t ing  i n  much the  same manner as a cha r r ing  
ablator, these  composites may r e t a i n  s u b s t a n t i a l l y  more s t r e n g t h  than would 
meta l  under similar condi t ions .  

This  paper describes the  results of an exp lo ra to ry  i n v e s t i g a t i o n  of t h e  
s t r eng th - re t en t ion  c h a r a c t e r i s t i c s  of two composite materials subjec ted  to  simu- 
l a t e d  aerodynamic heat ing.  Flexure and short-beam shear  specimens of both a 
graphite-epoxy and a graphite-polyimide m a t e r i a l  were tested i n  an arc- tunnel  
environment. 
12.5 t o  308 kW/m2 fo r  test t i m e s  from 5 to 1000 seconds. 
rates s e l e c t e d  inc ludes  those  expected over m o s t  of t h e  S h u t t l e  su r face  area. 
The temperature response of t he  specimens w a s  measured and the  s t r e n g t h  degrada- 
t i o n  caused by the  var ious  hea t ing  environments w a s  determined. 

The materials were subjec ted  to seven hea t ing  r a t e s  ranging from 
The range of hea t ing  

m 

I d e n t i f i c a t i o n  of commercial products i n  t h i s  report is to adequately 
descr ibe  the  materials and does not c o n s t i t u t e  o f f i c i a l  endorsement, expressed 
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ARC-TUNNEL TESTS 

T e s t  Specimens and F i x t u r e  

The graphite-epoxy material t e s t e d  i n  t h i s  report was composed of A-S graph- 
i t e  f i b e r s  i n  3501 epoxy r e s in1  with a lay-up of [0/+45/90/-451 s. 
polyimide material w a s  composed of HT-S g r a p h i t e  f i b e r 1  i n  NFt150-B2 polyimide 
r e s i n 2  with a lay-up of [0/+45/-45/90) s.  Graphite-epoxy f l e x u r e  specimens were 
16 p l y  and t h e  graphite-polyimide f l e x u r e  specimens were 8 p ly .  A l l  short-beam 
shear  specimens were 24 p ly .  

The g raph i t e -  

Each arc- tunnel  test-specimen conf igu ra t ion  c o n s i s t e d  of a set  of t h r e e  
f l e x u r e  specimens and f i v e  short-beam shear  specimens bonded to a f a b r i c -  
r e in fo rced  phenol ic  support plate  wi th  a s i l icone- rubber  adhesive ( f i g .  1 ) .  N o  
primer w a s  used wi th  t h e  adhesive so t h a t  t h e  specimens could be removed more 
e a s i l y  from t h e  suppor t  p la te  a f t e r  t e s t i n g .  The average dimensions of t h e  tes t  
specimens are shown i n  f i g u r e  1. N o t e  t h a t  t h e  graphite-polyimide f l e x u r e  speci- 
mens were only  one-half t h e  th i ckness  of t h e  graphite-epoxy f l e x u r e  specimens. 
Two 30-gage chromel-alumel thermocouples were embedded i n  t h e  bond l i n e  to mea- 
s u r e  t h e  specimen back-surface temperature response.  

The test  specimen w a s  mounted i n  a cast, f u s e d - s i l i c a  holder as shown i n  
f i g u r e  2. A machine screw threaded i n t o  t h e  backup p la te  h e l d  t h e  p la te  i n  
place. On t h e  downstream side'of t h e  test specimen, a s m a l l  spring-loaded 
fused-si l ica  block w a s  used i n  an attempt t o  accommodate thermal expansion i n  
t h e  flow d i r e c t i o n .  N o  practical  s o l u t i o n  f o r  accommodating thermal expansion 
i n  t h e  l a t e r a l  d i r e c t i o n  was found. 

The f u s e d - s i l i c a  specimen holder was mounted on t h e  s i d e  of a water-cooled 
test  f i x t u r e ,  as shown i n  f i g u r e  3. The s u r f a c e  of t h e  b l o c k  was about 0.60 cm 
below a rearward-facing step, because t h e  hea t ing- ra te  d i s t r i b u t i o n  over t h e  sur- 
f a c e  of t h e  specimen was more uniform wi th  a rearward-facing step than  wi th  t h e  
specimen mounted f l u s h  with t h e  f i x t u r e  ( r e f .  4 ) .  

T e s t  Environments 

The arc tunne l  used for t h e  tests is desc r ibed  i n  r e f e r e n c e  4. The test 
environments were selected t o  g ive  a range of hea t ing  ra tes  r e p r e s e n t a t i v e  of 
t h e  hea t ing  rates expected over most of t h e  S h u t t l e  s u r f a c e  area. 
tes t  environments used are given i n  table  I. - The s p e c i f i c  

The cold-wall hea t ing  rate w a s  determined by t h e  tempera ture- r i se  ra te  of 
a th in-sk in  calorimeter, as descr ibed  i n  r e fe rence  5. The calorimeter configura- J 
t i o n  is shown i n  f i g u r e  4. The local pressure a t  t h e  s u r f a c e  w a s  measured wi th  
a c a l i b r a t i o n  model of t h e  same s i z e  and shape as t h e  calorimeter. The heating- 
ra te  and pressure va lues  given i n  tab le  I were obta ined  a t  t h e  c e n t e r  p o i n t s  of 
t h e  r e s p e c t i v e  models. 

~ 

~ A - S  g r a p h i t e  f i b e r s  i n  3501 epoxy r e s i n ,  and HTR-S g r a p h i t e  fiber: 
d u c t s  of Hercules Incorporated.  

2NR150-B2 polyimide r e s i n :  

pro- 

product of E . I .  du Pont de Nemours & Co., Inc.  
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T o t a l  en tha lpy  w a s  determined by us ing  probes to  measure the  s t agna t ion  
hea t ing  rate and s t a g n a t i o n  p r e s s u r e  i n  t h e  cen te r  of t h e  stream. A c o r r e l a t i o n  
equat ion  was then used to c a l c u l a t e  t h e  en tha lpy  ( r e f .  6 ) .  

T e s t  Procedure 

The specimens were tested according to  the  matrix of hea t ing  rates and 
test t i m e s  shown i n  table 11. The arc- tunnel  vacuum system l i m i t e d  t h e  maximum 
test t i m e  to 1000 seconds. A t  hea t ing  rates g r e a t e r  than 21.6 kW/m2, t h e  behav- 
ior of t h e  f l e x u r e  specimens determined t h e  maximum test  time. Because of d i f -  
f e r e n t i a l  thermal expansion, some of  the  f l e x u r e  specimens ( e s p e c i a l l y  t h e  th in-  
ner graphite-polyimide specimens) p a r t i a l l y  debonded a f t e r  some t i m e  i n  t h e  test  
stream. When t h i s  debonding occurred , t h e  test w a s  terminated. Occas iona l ly  
one of t h e  t h r e e  f l e x u r e  specimens was lost down t h e  tunne l  before t h e  test was 
stopped. 

For each test, tunne l  o p e r a t i n g  cond i t ions  were e s t a b l i s h e d  and t h e  test  
environment was allowed to s t a b i l i z e .  Heating-rate and pressure measurements 
were made and t h e  specimen w a s  i n s e r t e d  i n t o  t h e  stream. Af ter  t h e  specimen w a s  
removed from t h e  stream, hea t ing - ra t e  and pressure measurements were repeated. 
Heating-rate and p r e s s u r e  measurements made before  and a f t e r  each test were 
e s s e n t i a l l y  the  same. 

The output  of t h e  t w o  thermocouples embedded i n  t h e  bond l i n e  of each 
specimen was recorded dur ing  each test  and u n t i l  t h e  temperatures peaked a f t e r  
t h e  test. A pyrometer w a s  used to  measure t h e  temperature of t h e  heated s u r f a c e  
dur ing  t e s t i n g .  When t h e  edge of a f l e x u r e  specimen debonded dur ing  the  tes t ,  
the  edge t h a t  protruded i n t o  t h e  stream became much h o t t e r  than t h e  rest of t h e  
specimen. A l s o ,  when a s u r f a c e  p l y  w a s  being removed, t he  su r face  temperature 
became much higher for a s h o r t  t i m e .  For t h e s e  reasons ,  g r e a t  d i f f i c u l t y  w a s  
encountered i n  ob ta in ing  a good measurement of t h e  average su r face  temperature 
of t h e  specimens . 

MECHANICAL TESTS 

The f l e x u r e  specimens were t e s t e d  according to re fe rence  7, and t h e  shear  
specimens were tested according to  t h e  short-beam method o f  r e fe rence  8 .  A l l  
specimens were tested wi th  t h e  heat-exposed side on t w o  suppor t s  and t h e  c e n t e r  

7 load  on t h e  bond l i n e  s ide ;  t hus ,  t h e  heat-exposed side w a s  i n  tens ion .  

RESULTS AND DISCUSSION c 

Table  I1 shows t h a t  t h e  test  t i m e s  va r i ed  over a large range. For t h i s  
reason, t i m e  is p l o t t e d  on a loga r i thmic  scale i n  t h e  f i g u r e s  desc r ib ing  t h e  
test  r e s u l t s .  
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Arc-Tunnel Tests 

Graphite-epoxy te_s_ts.- The results of the arc-tunnel tests of the 
graphite-epoxy specimens are given i n  table 111. The average maximum back- 
surface temperature r i se  for each tes t  is shown i n  figure 5. A s  expected, 
longer t e s t  t i m e s  and higher heating rates resulted i n  greater back-surface 
temperature rises. 

The data for back-surface temperature r ise  are plotted as a function of 
total  cold-wall heat input to the surface i n  figure 6. A s  expected, the tempera- . 
ture r ise  is, i n  general, larger w i t h  larger total  heat inputs. Figure 6 is pre- 
sented primarily to provide a measure of the scatter i n  these data. 

The data for approximate maximum front-surface temperature are plotted i n  
figure 7. The radiation-equilibrium temperature for each heating rate is also 
shown. An emittance of 1 was assumed for a l l  temperatures. A t  the lowest 
heating rate, the specimens attained a steady-state temperature condition by 
500 seconds. The temperature rise w i t h  time was monotonically larger w i t h  heat- 
ing rate. The large differences between the surface temperature and the 
radiat ion-equili bri um temper a t  ure indicate that conduction was an important heat- 
accommodation mechanism w i t h  the model configuration used. 

Graphite-polyimide tes-ts.- The results of the arc-tunnel tes ts  of the 
graphite-polyimide specimens are given i n  table IV. The average maximum back- 
surface temperature rise for each tes t  is shown i n  figure 8 .  The data were not 
consistent, especially the variation i n  temperature r i se  wi th  time a t  a partic- 
ular heating rate. The primary problem encountered was that during testing, an 
end or an edge of one or two of the flexure specimens pulled away from the bond 
line. This partial  failure probably occurred much more frequently i n  these 
tes ts  because the graphite-polyimide specimens were much thinner than  the 
graphite-epoxy specimens; therefore, thermal expansion effects were more severe. 

The average maximum back-surface temperature r ise  is plotted as a function 
of total  cold-wall heat input to the surface i n  figure 9. Although the trend of 
the data is similar to the trend i n  figure 6 ,  the scatter is much greater. 

The data for approximate maximum front-surface temperature and the 
radiation-equilibrium temperatures are shown i n  figure 10. The values and 
trends are similar to those shown i n  figure 7. A t  a l l  heating rates except the 
two lowest, the front-surface temperature r ise  for longer tes t  times was less  
for the graphite-polyimide material than for the  graphite-epoxy material. These 1 
results may indicate different surface-emittance changes i n  the two materials as 
surface degradation occurred. 

.I 

Mechanical Property Tests 

Graphite-epoxy tests.- The results of the graphite-epoxy mechanical- 
property tests are given i n  table 111. 
specimen strengths for flexure and short-beam shear specimens is given. The 

The ratio of exposed- to unexposed- 
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average-strength ratios f o r  t he  specimens i n  each arc- tunnel  test are given. 
The unexposed-specimen dimensions were used to calculate t h e  exposed-specimen 
s t r e n g t h s .  

The f l exure  s t r eng th - re t en t ion  r a t i o s  f o r  each hea t ing  rate a r e  p l o t t e d  
i n  f i g u r e  11 as a func t ion  of exposure t i m e .  A t  t he  lowest hea t ing  rate, the  
s t r e n g t h  of t h e  material w a s  no t  a f f e c t e d ,  even f o r  t h e  longes t  exposure t i m e .  
A t  a l l  o ther  hea t ing  rates, the  s t r e n g t h  w a s  s i g n i f i c a n t l y  lower fo r  t he  longer 
test t i m e s .  

The specimens were examined a f t e r  t he  tests to determine the  f a i l u r e  
modes. 
f a i l e d  i n  tens ion  on t h e  heated s ide .  Most of t he  specimens with s t r e n g t h  
ratios less than 0.5 f a i l e d  i n  shear ,  u sua l ly  near the  heated sur face .  

Nearly a l l  t h e  f l e x u r e  specimens wi th  s t r e n g t h  r a t i o s  more than 0.5 

Typical photomicrographs of flexure-specimen cross sections are shown i n  
f i g u r e  12. The heated s i d e  of each specimen is a t  t he  top. Figure 1 2 ( a )  shows 
specimen 2, which w a s  t e s t e d  a t  12.5 kW/m2 fo r  1000 seconds. 
outer Oo p ly  was 50 to  75 percent charred.  This  specimen showed no s t r e n g t h  
degradat ion and f a i l e d  i n  tens ion .  
f o r  600 seconds and had a s t r eng th - re t en t ion  r a t i o  of 0.10, is shown i n  f ig-  
u r e  1 2 ( b ) .  This specimen w a s  t y p i c a l  of t he  specimens which showed severe 
s t r e n g t h  degradat ion.  The outer Oo p ly  was gone, t he  epoxy i n  t h e  +45O and 90° 
p l i e s  was char red ,  and the  epoxy w a s  p a r t i a l l y  charred i n  the  -45O and the  sec- 
ond 00 p l i e s .  This  specimen f a i l e d  i n  shear .  

The epoxy i n  t he  

Specimen 4 ,  which was t e s t e d  a t  21 .6 kW/m2 

Figure 1 2 ( c )  shows specimen 13,  which w a s  t e s t e d  a t  70 kW/m2 f o r  50 sec- 
onds and had a s t r eng th - re t en t ion  r a t i o  of 0.42. The outer Oo p l y  was gone, 
t he  epoxy i n  t he  +45O p l y  w a s  char red ,  and the  90° p l y  was p a r t i a l l y  charred.  
This  specimen also f a i l e d  i n  shear .  Figure 12 (d )  shows specimen 17, which was 
t e s t e d  a t  308 kW/m2 for  9 seconds and had a s t r eng th - re t en t ion  r a t i o  of 0.64. 
The outer Oo p ly  was gone, t he  epoxy i n  the  +45O p ly  w a s  charred,  and t h e  90° 
and -45O p l i e s  were p a r t i a l l y  charred.  This specimen f a i l e d  i n  tens ion .  

Specimens 4 ,  13, and 17 are no t  g r e a t l y  d i f f e r e n t  i n  v i s i b l e  degradat ion,  
although t h e  s t r eng th - re t en t ion  ra t ios  were 0.10, 0.42, and 0.64, r e spec t ive ly .  
The r e spec t ive  test  times were 600, 50, and 9 seconds. These r e s u l t s  i n d i c a t e  
a time-dependent degradat ion effect t h a t  reduces m a t e r i a l  s t r e n g t h  but  is not  
v i s i b l e  i n  the  photomicrographs. 

f The computer program descr ibed i n  re ference  9 was used to explore  the  fea- 
s i b i l i t y  of developing a c a p a b i l i t y  f o r  p r e d i c t i n g  f l exure  s t r e n g t h  r e t en t ion  
from the  condi t ion  of t he  exposed specimens. The s t i f f n e s s  mat r ix  fo r  t he  
16-ply specimen w a s  c a l c u l a t e d  and t h e  f a i l u r e  load  f o r  t h e  unexposed specimens 
was used to o b t a i n  a f a i l u r e  s t r a i n ,  which w a s  1 .2  percent .  S t i f f n e s s  mat r ices  
were then c a l c u l a t e d  for 1 2  p l i e s  (down to t h e  next  Oo ply)  and 5 p l i e s  (down to  
t h e  t h i r d  Oo p l y ) .  
u r e  s t r a i n  to calculate f a i l u r e  loads  f o r  t h e  reduced thicknesses .  These t w o  
f a i l u r e  loads  gave s t r e n g t h  ratios of 0.59 and 0.15. 

i 

These s t i f f n e s s  matrices were used with the  1.2-percent f a i l -  

The a n a l y t i c a l  resu l t s  are only  app l i cab le  to a tens ion  f a i l u r e  i n  t h e  
Oo ply; t he re fo re ,  specimens 4 and 13 ( f i g s .  T2(b) and 1 2 ( c ) ) ,  which f a i l e d  i n  
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shea r ,  are not  represented  by t h e  a n a l y s i s .  Specimen 2 ( f i g .  1 2 ( a ) )  f a i l e d  i n  
tens ion  wi th  no s t r e n g t h  degradat ion,  even though t h e  o u t e r  p l y  w a s  p a r t i a l l y  
charred.  This  r e s u l t  i n d i c a t e s  t h a t  epoxy char red  a t  a l a w  temperature r e t a i n s  
s u f f i c i e n t  i n t e g r i t y  to t r a n s f e r  l oad  wi th in  t h e  ply.  Specimen 17 ( f i g .  1 2 ( d ) ) ,  
which failed i n  t ens ion  wi th  t h e  ou te r  Oo p l y  missing,  had a s t r eng th - re t en t ion  
ratio of 0.64. This  agrees  w e l l  wi th  t h e  a n a l y t i c a l l y  p red ic t ed  s t r e n g t h  reten-  
t i o n  of 59 percen t  (12 plies).  This  f a i l u r e  i n d i c a t e s  t h a t  t h e  ou te r  +4S0, 90°, 
and -45O plies,  as expected, d i d  not c o n t r i b u t e  s i g n i f i c a n t l y  to t h e  t e n s i l e  
s t r e n g t h  . 

I 

The short-beam shear  test d a t a  are shown i n  f i g u r e  13. The da ta  t r ends  
are very  similar to those  of t h e  f l e x u r e  d a t a  i n  f i g u r e  11 except  f o r  the  
results a t  a hea t ing  rate o f  161 kW/m2. N o  reason w a s  found for t h e  inconsis-  
tency of t h e  d a t a  a t  t h i s  hea t ing  rate. All short-beam shear  specimens fa i led 
i n  shear .  For specimens wi th  l a w  s t r e n g t h  ratios, t h e  shear  cracks were nearer  
t h e  heated s ide .  

F igures  11 and 1 3  were used to o b t a i n  a plot  of hea t ing  rate versus  t i m e  
for an a r b i t r a r i l y  s e l e c t e d  s t r eng th - re t en t ion  ra t io  of  0.75. The r e s u l t  is 
shown i n  f i g u r e  14 .  The f i g u r e  shows good agreement between t h e  f l e x u r e  and 
short-beam shear  da ta .  Although t h e  f a i l u r e  mechanisms were, i n  genera l ,  d i f -  
f e r e n t  f o r  t h e  t w o  types of specimens, ma t r ix  degrada t ion  appeared to a f f e c t  
t h e  s t r e n g t h  r e t e n t i o n  of both types of specimens to  about  t h e  same ex ten t .  

Graphite-polyimide-tests.- The r e s u l t s  of t h e  graphite-polyimide mechani- 
ca l  tests are given i n  t a b l e  IV as ratios of  exposed- to unexposed-specimen 
s t r eng ths .  Examination of t h e  exposed f l e x u r e  specimens showed most ly  tens ion  
f a i l u r e s  a t  the  heated sur face .  A f e w  of t h e  most s e v e r e l y  degraded specimens 
f a i l e d  i n  shear ,  wi th  t h e  shear  cracks tending to be nearer  t h e  heated sur face .  
The short-beam shear  specimens f a i l e d  i n  s h e a r ,  wi th  t h e  shear  cracks near 
t h e  center  of a l l  specimens. 

Typical photomicrographs of flexure-specimen cross s e c t i o n s  are shown i n  
f i g u r e  15. The heated s i d e  of each specimen is a t  t h e  top. F igure  1 5 ( a )  shows 
specimen 22, which was t e s t e d  a t  21 .6 kW/m2 for 600 seconds and had a s t rength-  
r e t e n t i o n  ratio o f  0.84. The ou te r  Oo p l y  w a s  s l i g h t l y  charred.  F igure  15 (b )  
shows specimen 28, which w a s  t e s t e d  a t  59 kW/m2 for 100 seconds and had a 
s t r eng th - re t en t ion  ratio of  0.76. The outer Oo p l y  w a s  about  30 percent  charred.  

F igure  1 5 ( c )  shows specimen 31, which w a s  t e s t e d  a t  70 kW/m2 for 40 seconds 

c e n t  charred.  Figure 15 (d )  shows specimen 33, which w a s  t e s t e d  a t  161 kW/m f o r  
18 seconds and had a s t r eng th - re t en t ion  ratio of 0.23. The ou te r  Oo p l y  w a s  
over 50 percent  char red  and t h e  i n t e r f a c e s  between t h e  Oo and +4S0 p l i e s  and 
between t h e  +45O and -45O plies were charred.  None of t h e  specimens lost t h e  
o u t e r  Oo p ly ,  i n d i c a t i n g  t h a t  t h e  polyimide developed i n t o  a very  tough char.  

and had a s t r eng th - re t en t ion  ra t io  of 0.55. The o u t e r  Oo p l y  w a s  about  50 - 1 qer 
d 

The f l e x u r e  s t r eng th - re t en t ion  ratios are p l o t t e d  i n  f i g u r e  16. A t  t h e  
lawest hea t ing  rate, t h e  s t r e n g t h  of  t h e  material w a s  no t  a f f e c t e d ,  even for 
t h e  longes t  exposure t i m e .  
s t r eng th - re t en t ion  ra t io  being lower for higher  hea t ing  rates and longer times. 
The s t r eng th - re t en t ion  ratios a t  t h e  two h ighes t  hea t ing  rates are lower than  

The d a t a  t r ends  are then  c o n s i s t e n t ,  wi th  t h e  

6 



those  for the  corresponding graphite-epoxy specimens. However, t he  graphi te -  
epoxy specimens were t w i c e  as t h i c k  as t h e  graphite-polyimide specimens, and 

i cons iderably  more undegraded graphite-epoxy remained after t e s t i n g .  Therefore,  
a l though the  polyimide provides  a more thermally s t a b l e  ma t r ix  material, t h e  
lower s t r eng th - re t en t ion  ratios which were obta ined  are reasonable .  This  argu- 
ment is re in fo rced  by t h e  short-beam shear  da t a  f o r  graphite-polyimide specimens 
given i n  t a b l e  IV. Only f o r  t h e  11-second test a t  the  h ighes t  hea t ing  rate was 
any s ign i f i can t  s t r e n g t h  degradat ion measured. 
were a l l  t h e  same th i ckness ,  so t h e  mre thermal ly  s t a b l e  polyimide mat r ix  
degraded much less than  t h e  epoxy a t  the  same test  condi t ions .  

The short-beam shear  specimens 

. 
CONCLUDING REMARKS 

Flexure and short-beam shear  specimens of a graphite-epoxy and a graphi te -  
polyimide material were t e s t e d  i n  an arc- tunnel  environment a t  s e v e r a l  hea t ing  
rates and test t i m e s .  The temperature response of t h e  specimens w a s  measured 
and t h e  s t r e n g t h  degrada t ion  caused by the  va r ious  hea t ing  environments was 
determined . 

The f l e x u r e  and short-beam shear  s t r e n g t h s  of both materials were essen- 
t i a l l y  unaffected a t  t h e  lowest hea t ing  ra te  (12.5 kW/m2). A t  t h e  o ther  heat-  
ing rates, the  graphite-epoxy test  da t a  were c o n s i s t e n t ,  showing more degrada- 
t i o n  a t  higher  hea t ing  rates and longer  test times. The test da t a  f o r  t h e  
gr aphite-polyimide f l e x u r e  specimens were i n c o n s i s t e n t  because the  specimens 
were too t h i n  to  g ive  good test resul ts  with t h e  test conf igu ra t ion  used. The 
good thermal  s t a b i l i t y  o f  t he  polyimide mat r ix  material w a s  shown by the  shor t -  
beam shear  test da ta ,  which showed s t r e n g t h  degradat ion only  a t  t h e  m o s t  severe  
tes t  condi t ion .  

G o o d  agreement was obta ined  between t h e  graphite-epoxy f l e x u r e  and shor t -  

Although t h e  f a i l u r e  
beam shear  da t a  when t h e  test  t i m e  f o r  an a r b i t r a r i l y  s e l e c t e d  s t r eng th - re t en t ion  
ra t io  of 0.75 w a s  p l o t t e d  as a func t ion  of hea t ing  rate. 
mechanisms were, i n  gene ra l ,  d i f f e r e n t  fo r  the  t w o  types of specimens, mat r ix  
degradat ion appeared to a f f e c t  t h e  s t r e n g t h  r e t e n t i o n  of both types of specimens 
to about t he  same e x t e n t .  

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
March 29, 1979 i 
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TABLE I .- TEST ENVIRONMENTS 

c 

Heating 
r a t e ,  
kW/m2 

12.5 
21 .6 
31.8 
59 
70 

161 
308 

~ 

Enthalpy, 
MJ/kg 

1.39 
2.92 
3.36 
7.22 
7.84 
6.22 
8.26 

Local pressure  
a t  su r f ace ,  

atma 

0.0057 
.0029 
.0047 
.0032 
.0038 
.033 
.066 

Wedge angle  
of a t t a c k ,  

deg 

3 
3 
3 
3 
3 

30 
30 

a l  atm = 101.3 kPa. 

TABLF: 11.- MATRIX OF HEATING RATES AND TEST TIMES 

Heating 
r a t e  , 
kW/m2 

12.5 
21 .6 
31 .8 
59 
70 

161 
308 

- - _ .  

T e s t  t i m e ,  s 

Graphite-epoxy 

500, 1000 
200, 600, 1000 

50, 100, 300 
50, 100, 145 

20, 50 
10, 16 
5, 9 

Graphite-polyimide 

500, 1000 
200, 400, 600 

50, 88, 176 
50, 80, 100 
20, 30, 40 

10 ,  18 
5, 11 
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0 

Flexure 

1 .oo 
1.00 
1 .oo 

.10 

.04 
1 .oo 

TABLE 111.- GRAPHITE-EPOXY TEST RESULTS 

Short-beam shear 

1 .oo 
1.00 
1 .oo 

.16 
~ .07 
,: 1.00 

- 
Specimen 

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

.95 1 .oo 

1 .oo 
.06 1 .33 

3 ea ti ng 
rate, 
kW/m2 

.03 
1 .oo 

.42 

.93 

.62 

12.5 
12.5 
21 .6 
21 .6 
21 .6 
31.8 
31 .8 
31 .8 
59 
59 
59 
70 
70 

161 
161 
308 
308 

.20 
1 .oo 

.82 
~ .87 
i 

.68 'I 

Test 
time, 

S 

500 
1000 
200 
600 

1000 
50 

100 
300 

50 
100 
145 

20 
50 
10 
16 

5 
9 

Back-surf ace 
temperature rise,  

K 

163 
189 
176 
21 4 
24 2 
101 
159 
206 
113 
179 
198 

79 
154 
108 
132 

97 
109 

Front surf ace 
temperature, 

K 

48 1 
48 1 
556 
667 
70 6 
58 9 
66 7 
8 36 
600 
8 33 
92 2 
589 
922 
8 50 

1067 
1006 
1256 

*. . F 



TABm 1V.- GRAPHITE-POLYIMIDE TEST RESULTS 

25 I 31.8 176  
26 59 50 
27 59 80 
28 59 100 
29 70 20 
30 70 30 
31 70 40 
32 161 10 
33 161 1 8  
34 308 5 
35 308 11  

. . 

164 
166 
227 
202 
106 

87 
1 8 5  
162 
168 

97 
144 

h 

Heating T e s t  I Back-su r face  F r o n t - s u r f  ace r a t io  

' kW/m2 I s K K , F l e x u r e  1 Short-beam s h e a r  
t I I 

1.00 ' 1 .oo 478 
4 78 - 1.00 ' 1 .oo ! 

58 3 
6 69 
76 7 
600 
64 4 
694 
72 2 
7 78 
81 1 
672 
76 7 
811 
91 7 

1122 
1047 
11 67 

1 .oo 
.88 ~ 

.84 ' 1 
1 .oo 
1 .oo 

.92 

.83 

.78 

.76 
1 .oo 

.67 

.55 

.58 

.23  

.33 

.04 

1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
.70 



Specimen and material type Thickness, cm Width, cm Length, cm 4 

Flexure: 
0.22 1.18 7.62 Graphite -epoxy . . . . . . . . . . . . . . .  * 
0.11 1.27 7.62 Graphite-poly imide . . . . . . . . . . . . .  

Graphite-epoxy . . . . . . . . . . . . . . .  
Graphite -poly imide . . . . . . . . . . . . .  

Short-beam shear: 
0.32 0.66 1.60 
0.32 0.66 1.59 

Reinforced phenolic 
support plate 

t e e  7.6 2 

Thermocouple* 

Silicone-rubber bond 

4 L 0 . 6 4  

shear specimens 

*Two no. 30-gage thermocouples were embedded 
in the bond-line, 1.78 cm from each edge. 

Figure 1 .- Test-specimen conf igu ra t ion .  Dimensions are i n  cm. 
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I 

Flow direction 

1 

i 

Fused -silica holder 
/- 

J 

II L 

$!7J% I I 
\ 

Spring-loaded, fused-silica block 1 

Figure  2 .- Fused-s i l ica  holder with test specimen. 

I-'--- - : /  l l  

k Screw 

ing 

Dimensions are i n  c m .  
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Water-cooled tes t  
fixture 

Flow direction 

F igure  3.-  Arc-tunnel test  specimen conf igu ra t ion .  Dimensions are i n  cm. 

1 4  



Fused 
silica 

Spacer 

Water-cooled 
copper 

Fused 
silica 

Spacer 

Water-cooled 
copper 

Figure 4 .- Arc-tunnel calorimeter configuration. Dimensions are i n  cm.  



300 1 
250 I- 

k4 200 '- 

9) 
k 

3 150 - 
k 
9) 

3 
; 

100 - 

Heating rate, kW/m 2 

50 - 

0 I 1 I I 1 

3 10 30 100 300 1000 
Time, s 

Figure 5.- Back-surface temperature r i s e  for  graphite-epoxy specimens. 
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Figure  6 .- Back-surface temperature  r i se  vs total  h e a t  i npu t  for graphi te -  
epoxy spec h e n s .  
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Figure 7 .- Approximate front-surf ace temperatures and radiation-equilibrium 
temperatures for graphite-epoxy specimens. Emittance, 1.0. 
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Figure 8 .- Back-surface temperature r i s e  for  graphite-polyimide specimens. 



300 

2 50 

200 w 
d 
III 
k 
al 

.rl 

5 150 
-c, 
cd 
k 
al 

E" 
100 

50 

0 
1 

0 

/ w 
/ 

/o 
7 0  

0 

/ 

O 0' 
/' 

/ 
/ 

0 
/ 

O/ 
/ 

0 o/ 
/ 

@,' oo 
0 

1 1 
3 10 

2 Total heat input, MJ/m 

1 
30 

I 
100 

Figure 9.- Back-surface temperature r ise  vs to ta l  heat input for graphite- 
polyimide specimens. 

20 



I 

160C 

1400 

1200 

X 
a; 
3 iooa 

5 
f i  
a, a 

e 
80 0 

600 

400 
3 

2 
’ Heating rate, kW/m 

308 ----- 
Front surface 

---- Radiation equilibrium 

12.5 

1 I I 1 1 
10 30 100 

Time, s 
300 1000 

Figure 10.- Approximate front-surface temperatures and radiation-equilibrium 
temperatures for graphite-polyimide specimens. Emittance, 1 .O. 
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Figure 11 .- Flexure s t rength- re ten t ion  ra t ios  of graphite-epoxy specimens. 



( a )  Specimen 2 (hea t ing  r a t e ,  
1 2 . 5  kW/m2; tes t  t i m e ,  1000 

(b) Specimen 4 (hea t ing  ra te ,  
SI. 21.6 kW/m2; tes t  t i m e ,  600 s ) .  

(c) Specimen 13  (hea t ing  ra te ,  
70 kW/m2; test t i m e ,  50 SI. 

Figure 12 .- Photomicrographs of 

(a) Specimen 17 (hea t ing  ra te ,  
308 kW/m2; test t i m e ,  9 s ) .  

typical graphite-epoxy f l e x u r e  specimen 
L-79-138 

c r o s s  s e c t i o n s  ( ~ 3 1 ) .  
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Figure 13.- Short-beam shear strength-retention ratios for graphite-epoxy specimens. 
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Figure 14.- Heating r a t e  vs  t h e  for  a s t rength-retent ion r a t i o  of 0.75 of 
graph i te-epoxy specimens . 



(a) Specimen 22 ( h e a t i n g  rate,  
21.6 kW/m2; test  t i m e ,  600 s). 

(b) Specimen 28 ( h e a t i n g  rate,  
59 kW/m2; test  t i m e ,  100 s). 

(c) Specimen 31 ( h e a t i n g  ra te ,  
70 kW/m2; test  t i m e ,  40 s). 

(d) Specimen 33 ( h e a t i n g  ra te ,  
161 kW/m2; test  t i m e ,  18 s). 

L-79-139 - . -  .-- 
F i g u r e  15.- Pho tomic rographs  of typical g r a p h i t e - p o l y i m i d e  f l e x u r e  spec imen 

cross s e c t i o n s  (x31) .  
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Figure 16 .- Flexure s t rength-retent ion r a t i o s  of graphite-polyimide specimens. 
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